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Abstract
Substituting effect of CF3 to the Ru-based binuclear complex [{RuIII(acac)2}2(μ-OEt)2], in which S = 
1/2 spin dimer takes the singlet ground state have been investigated by means of the magnetic 
susceptibility χ and the longitudinal nuclear spin relaxation rate T1−1 of 1H/19F-NMR. In CF3-
substituted complex [{RuIII(fhma)2}2(μ-OMe)2], we have observed the prominent magnetic response
both in χ and T1−1. This behavior is attributed to the slight change in the Ru valence state due to the 
substitution. 
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1 Introduction 
The ground state of S = 1/2 antiferromagnetic spin dimer is the singlet with a finite spin excitation 
gap. In the studies of quantum spin dimer systems reported so far, most interested is concerned on 
destructing the spin singlet state by applying an external field [1], a high pressure [2-3], or substituting 
non-magnetic impurity [4-7]. These perturbations, by inducing triplet or creating unpaired spin, lead 
the system to the magnetic state, which undergoes a phase transition at low temperatures with an assist 
of inter-dimer interaction. In particular, a field-induced long range magnetic order is known as the 
magnon Bose-Einstein condensation (BEC) [8]. 
The purpose of this study is to introduce a new method valence fluctuation to cause a quantum 
phase transition in dimer systems. By tuning valence of each atom to be fractional value, we expect 
the wave function of the dimer to be a superposition of the two states in which an extra electron is 
located at an either atom, and to bear a possibility of an exotic ground state. As a candidate of valence 
fluctuating dimer, we have chosen as a kernel atom Ru, which is stable in various valence states −2, 0, 
1…5, 6 and 8, and appropriate to study the quantum spin fluctuation because it prefers the low-spin 
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Figure 2: The two diastereomers of each sample, (a) meso form and (b) racemic mixture.
(a) (b) 
Figure 1: The schematic molecular structure of (a) [{RuIII(acac)2}2(μ-
OEt)2] and (b) [{RuIII(fhma)2}2(μ-OMe)2]. 
(a) (b) 
state because of a large ligand field splitting of 4d orbit. In order to realize a valence fluctuating dimer 
compound in the solid state form which is stable in atmosphere of air, we have adopted a method 
developed by one of our present authors A. E. [9] to substitute methyl group on the acetylacetone with 
more electronegative one such as trifluoromethyl group. This method allows one to adjust the potential 
surrounding Ru ion by changing the number of substituent in the parent dimer molecule so as to obtain 
fractional valence state without making a solid solution between hetero-valent ions. We have 
investigated the substitution effect of CF3 on the magnetic property by means of magnetic 
susceptibility and the longitudinal nuclear spin relaxation rate T1−1 of 1H/19F-NMR. We show in this 
article that the magnetic state is drastically changed by the substitution effect and particularly that its 
effect depends upon the geometrical configuration of parent molecule. 
2 Experimental 
The target compounds of this study are Ru-based binuclear complexes [{RuIII(acac)2}2(μ-OEt)2], in 
which Ru takes the trivalent state with S = 1/2 and [{RuIII(fhma)2}2(μ-OMe)2], in which half of methyl 
groups on bidentates are substituted with CF3. The detail of synthesis is described elsewhere [10]. 
Their molecule structures are schematically in shown Fig. 1. There are two diastereomers for each 
compound, that is, Δ Λ type called meso form and Δ Δ : Λ Λ type called racemic mixture, which were 
separated by column chromatography [11]. Their molecule configurations are shown in Fig. 2. All the 
samples for the present experiments are obtained in the form of powder. We denote hereafter these 
four samples as meso-acac, racemi-acac, meso-fhma and racemi-fhma. 
By the detailed X-ray analysis on single crystals of the two acac systems, it has been shown that 
their space group belongs to P21/c (monoclinic) with the lattice constants a = 10.238 Հ, b = 17.649 Հ, 
c = 15.770 Հ, and β = 102.868° for meso-acac, and Pͳത (trinclinic) with the lattice constants a = 10.845 
Հ, b = 12.261 Հ, c = 12.648 Հ, α = 100.700°, β = 102.868°, and γ = 96.753° for racemi-acac. There are 
the four dimers in a unit cell, and the distance between two Ru atoms in dimer is 2.65 Հ.
The magnetic 
susceptibility χ was 
measured by SQUID 
magnetometer (MPMS, 
Quantum Design Co. Ltd.) 
under 3 T between 4 and 
300 K. NMR measurements 
for 1H and 19F nuclei were 
performed with the same 
resonance frequency 170.0 
MHz under the applied 
fields of 3.99 T and 4.24 T, 
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Figure 4: The plot of shift ΔH for 19F-NMR versus
uniform magnetization M (= χH) under H = 4.24 T.
The inset shows the typical profile of 19F-NMR
spectrum at 80 K.






















Figure 3: Magnetic susceptibility in the four 
complexes. Solid symbols show acac and open 

























Figure 5: The temperature dependence of T1−1 of
racemi-fhma (full symbols) and meso-acac (open 
symbols). The latter is scaled by (1γ /19γ )2, where 19γ 
and 1γ are the gyromagnetic ratio of 19F and 1H, 
respectively. The inset shows typical relaxation curves 
at 80 K.
respectively. Spectra were obtained by recording 
the spin-echo amplitude while sweeping external 
field. The longitudinal nuclear spin relaxation rate 
T1−1 was determined by tracing the evolution of 
spin-echo amplitude with repetition time τ and by 
fitting it to the function ͳ െ ݁ିத భ்Τ .
X-band ESR was measured at the room 
temperature and 77 K on racemi-fhma and meso-
fhma, by which the g-factor was obtained to be g
= 2.247, identical for the two samples. 
3 Results and Discussion 
Figure 3 shows the temperature dependence of 
magnetic susceptibility χ of the four samples. 
Both the meso and racemic forms of acac system 
showed extremely small values with a nearly flat 
temperature dependence between 4 and 200 K, 
indicating they are in the spin singlet state with a 
gap comparable to the room temperature. This 
result is consistent with the previous report [11].
In the fhma systems, while the meso form sample 
showed a behavior similar to the acac systems, the 
racemic mixture sample exhibited a large 
magnetic response: χ increased monotonically 
with increasing temperature until 150 K, where it 
showed a tendency to saturate, and, increased 
again to show a broad peak at around 200 K. 
Next, we see whether or not NMR can prove 
this difference in χ. Figure 4 shows a typical 19F-
NMR spectrum and the plot of resonance line shift 
versus magnetization M, so-called K-χ plot, 
where the NMR shift shows a linear dependence 
on M between 30 K and 170 K. The hyperfine 
coupling constant was estimated from its 
gradient to be A = 80 Oe/μB, which is consistent 
with calculated value from the average distance 
of Ru and F (5.1 Հ). This moderate value of A
allows us to probe the magnetism of sample well 
by NMR. 
Figure 5 shows the temperature dependence 
of longitudinal nuclear spin relaxation rate T1−1
for meso-acac and racemi-fhma samples 
measured by 1H- and 19F-NMR, respectively. 
The relaxation curves were described by the two-
component exponential function with the two 
relaxation rates, the ratio of which was 
approximately 5.0 and was temperature 
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independent in the measured temperature range. We have shown the faster component of in Fig. 5.  
These two components are considered to come from the distribution in distance, approximately 3 
or 7 A, between multiple inequivalent F (or H) sites and Ru atom in each dimer molecule.  These 
many inequivalent F(H) sites interact with one another through the nuclear spin-spin coupling, 
forming two distinct reservoirs, which may exhibit the two-component relaxation.  This interpretation 
is consistent with fact that the both components exhibit the identical temperature dependence. 
T1−1 of the racemi-fhma sample increased prominently with increasing temperature and almost 
saturates over 100 K, and increases again slightly at 150 K. This makes a clear contrast with in the 
meso-acac sample, for which T1−1 shows only a tiny peak at 50 K and stays very small compared with 
the racemi-fhma sample at high temperatures. The temperature dependence of T1−1 for the racemi-
fhma sample is a close resemblance to that of χ, indicating that the prominent changes in χ and T1−1
observed for the racemi-fhma sample do come from its intrinsic magnetic properties.   
Here, we would like to propose the idea that they may be caused by the change in the Ru valence 
due to CF3 substitution. That is, by substitution, the spin singlet state becomes unstable, or, the spin 
excitation gap is reduced to be around 100 K, where χ and T1−1 starts to decrease with decreasing 
temperature. Before concluding, however, one must answer the question why only the racemic
mixture is affected by CF3-substitution. A key to the solution, we believe, is in the molecule structure 
of meso and racemic samples. While the former has the inversion center at midpoint of the two Ru 
atoms, the latter has no inversion symmetry, indicating the existence of Dzyaloshinsky-Moriya (DM) 
interaction between two spins in a dimer. At the presence of DM interaction, an appreciable amplitude 
of the excited triplet state is hybridized to the observed large magnetic response. In order to confirm 
this idea, one can survey for a forbidden transition of ESR between the singlet and triplet state, which 
becomes an allowed transition at the presence of the DM interaction. 
We refer the possibility of the long range magnetic order in these dimer systems. Although one of 
the dimer systems showed the large magnetic response at the finite temperatures, both χ and T1−1
decreased to be nearly zero at low temperatures, indicating no sign magnetic order. This can be due to 
too weak inter dimer interaction caused by too large distance between dimer molecules. Therefore, we 
expect that the magnetic order will be induced either by adding high pressure to reduce the inter dimer 
distance, or by doping an interstitial ion that take on the superexchange interaction between two 
neighboring dimers. If by these methods the long range magnetic order is realized, we expect to 
confirm the effect of DM interaction, stated above from the canted spin structure. 
Finally, we also note that for the definitive conclusion, measurements of T1 for all the four samples 
and also 1H-NMR on the fhma system for comparison are inevitable, which is now in the progress. 
Summary 
We have investigated the substitution effect to the Ru dimer complex by means of the magnetic 
susceptibility and 1H/19F-NMR measurements. The CF3 substitution was formed to have a substantial 
effect to change the magnetic state of the dimer complex. 
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